Abstract: Ah omologous family of low-coordinate complexes of the formulation trans-[M(2,2'-biphenyl)(PR 3 ) 2 ][BAr PNMR spectroscopy) and solid-state( single crystal X-ray diffraction) data, and analysisi ns ilico (DFT-based NBO and QTAIM analysis), the structuralf eatures of the constituent agostici nteractions have been systematically interrogated. The combinedd ata substantiates the adoption of stronger agostic interactions for the Ir III comparedt oR h III complexes and, with respectt o the phosphine ligands, in the order PiBu 3 > PCy 3 > PiPr 3 > PPh 3 .I na ddition to these structure-property relationships, the effect of crystal packing on the agostic interactions was investigated in the tricyclohexylphosphine complexes.C ompression of the associated cations,t hrough inclusion of a more bulky solventm olecule (1,2-difluorobenzene vs. CH 2 Cl 2 )i nt he lattice or collection of data at very low temperature( 25 vs.1 50 K), lead to small but statistically significant shortening of the MÀHÀCd istances.
Introduction
The coordination chemistry of CÀHb onds is an important facet of contemporary organometallic chemistry. [1] [2] [3] Adoption of 3-centre-2-electronM ÀHÀCb onds can help stabilise otherwise reactivel ow-coordinate metal complexes that are implicated in many catalytic reactions, and from af undamental perspectiver epresent an opportunity to gain insighti nto transition-metal-mediated CÀHb ond activation reactions. [4] As a consequence of the weakly interacting nature of CÀHb onds, well-defined examples are almost exclusively limited to intramolecular systemst hat are promoted through the chelate effect. As first articulated by Brookhart and Green, the consistent interactions are termed" agostic" and typified by MÀHÀC contacts of < 3 . [1, 5] The characterisation of alkane complexes is significantly more experimentally demanding, but has been achievedi ns olutionu sing time-resolveds pectroscopicm ethods under low temperature regimes, [3, 6] and recently in the solid-state by X-ray crystallography through application of single-crystal to single-crystalt ransformations. [7] Given that the development of CÀHb ond activation chemistry has been closely connected with the organometallic chemistry of rhodiuma nd iridium, [8] it is perhaps unsurprising that al arge number of well-definedc omplexes of these group 9m etals featuring agostici nteractions have been reported. [9] [10] [11] [12] [13] [14] [15] Indeed amongstk nown examples an umber of families can be identified,w ith M III complexes of the formulation trans,cis-[ML 2 H 2 ] + (A:M= Rh, Ir;L= phosphine or NHC), [9] [M(Binor-S)L] + (B:B inor-S = 1,2,4,5,6,8-dimetheno-S-indacene; L = phosphine), [10] and bearingc yclometalated ItBu (C, D)t he most outstanding ( Figure 1) . [11] Structurally relatedc lusters of this nature are of interest to gauge an understanding of the effect of the metal alongside subtle variations of the ligand composition on the constituent agostici nteractions. Unfortunately,a st hey currently stand, neither the size nor specific membership of these three families is wellsuited to an analysis of this nature.
Whilst it is conceivably possible to extend the membership of the aforementioneds ets, the synthetic chemistry underlying the isolation of these highly reactive organometallics presents an umber of practical challenges. Recognising ad egree of commonality amongst A-C and others, [12] namely sawhorse metal geometriesw ith high trans influence ligands in the cisequatorial positions, and building upon the previous report of low-coordinate Rh III complex trans-[Rh (2,2'-biphenyl) 4 ]( M= Rh, 1;I r, 2;R= Ph, a;C y, b; iPr, c; iBu, d;F igure 2). This series of complexes encompasses both aryl and alkyl phosphine ligands (i.e. Ph vs. Cy), cyclic and acyclic alkyl phosphine substituents (i.e. Cy vs. iPr) and the possibility to adopt both g-a nd d-agostic interactions (i.e. iPr vs. iBu). DFT calculations have also been carriedo ut to aid structurali nterrogation.
Results and Discussion

Synthesis
The preparationo f1c has previously been achieved via oxidative addition of biphenylenet ot he latent low coordinate complex [Rh(C 6 H 5 F)(PiPr 3 ) 2 ][BAr F 4 ] . [13] Guidedb ym ethodology developedb yJ ones and Crabtree for the preparation of trans-[M(2,2'-biphenyl)(PPh 3 ) 2 Cl] (M = Rh, 3a;I r, 4a), [16, 17] we instead chose to employ more systematic and synthetically robust protocols that proceed via facile substitution reactions of M III precursors [Rh(2,2'-biphenyl)(dtbpm)Cl] (5;d tbpm = bis(di-tert-butylphosphino)methane) and[ Ir(2,2'-biphenyl)(COD)Cl] 2 (6; COD = 1,5-cyclooctadiene) with the desired phosphine, followed by chloridea bstraction to afford low coordinate derivatives 1 and 2,r espectively (Scheme 1). In this way,f ive-coordinate intermediates 3 and 4 werereadily obtained (37-83 %i solated yield) and subsequently treated with Na[BAr (3, 4b-d) o r5 08C( 4a)t oa fford target complexes 1 and 2 that, following filtration to remove insoluble sodium salts, were isolated by slow crystallisation from CH 2 Cl 2 /pentane (liquid-liquid diffusion at RT;3 2-80 %i solated yields) and extensively characterised( vide infra). Notably,s amples of 1 and 2 obtained in this way werea ll suitable for interrogation in the solid-state using X-ray diffraction.
Solid-state structures of 1and 2
Single crystalline samples of 1 and 2,g rown as described above,w ere analysed in the solid-stateu sing X-ray diffraction under typical experimental conditions (i.e. MoKa radiation, T = 150 K). [18] Agostic interactions are evident in the complexes bearing trialkylphosphines, while the triphenylphosphine derivatives are conspicuously obtained as adducts of solvent in the solid-state, namely 1a·CH 2 Cl 2 and 2a·CH 2 Cl 2 . [19] For ag iven phosphine, 1 and 2 are in general isomorphous; [20] those of 1 are depicted in Figure 3 , with selected metrics for 1 and 2 compiled in Table 1 . The salient features ande xperimental attempts to perturb crystal packing in 1b and 2b,a re discussed below in turn.
Dichloromethane is typically considered aw eakly coordinating ligand and complexes of the platinum group metals are uncommon (< 25 deposited in the Cambridge Structural Database v. 5.38). Indeed, 1a·CH 2 Cl 2 and 2a·CH 2 Cl 2 represent the first crystallographically characterisedh omologous metal series. Binding of the halocarbon in these complexes occurs with essentially linear Cl80-M1-C4 bond angles and M1ÀCl80 bond lengthso f2 .6067(8)a nd 2.5567 (12) ,f or the rhodium and iridium variants, respectively.T he latter are in line with Rh III (2.488-2.763 ) [21] and Ir III (2.533-2.612 ) [22] precedents and consistent with the stronger metal-ligandb ondinge xpected in the heavier congener.A lthough chelation of dichloromethane to platinum group metals is known, [23] the remaining coordination site on the metal centre remains essentially vacant (M1···Cl82 > 4 )w ithouta ny significant stabilising( agostic or Figure 3 . Solid-state structures of 1a·CH 2 Cl 2 , 1b.CH 2 Cl 2 , 1c,a nd 1d* (left to right).A ll data collecteda t150 K, thermale llipsoids at the 50 %p robabilitylevel. Only one of the two unique cationss hown for 1c (non-disordered);a nions,C H 2 Cl 2 solvent molecules (1a, 1b), and minor disorderedcomponents (C70/C70A Cy groupi n1b)o mitted for clarity.Selectedb ond lengths ()and angles (8) T [24] Under the aforementioned experimental conditions the tricyclohexylphosphine complexes crystallise with one molecule of dichloromethane in the asymmetric unit, namely 1b.CH 2 Cl 2 and 2b.CH 2 Cl 2 .I ne ach case, the adoption of two significant gagostici nteractions with the metal centres is apparent in the solid-state structures with M1ÀC21/C31 distances of 2.877(3)/ 2.899(3) and2 .857(3)/2.875(3) ,f or the rhodiuma nd iridium congeners, respectively at 150 K. The close approaches of the CÀHb onds to the metal centre are accompanied by significantly distorted phosphine geometries:C 4-M1-P2/C15-M1-P3 angles greater than 908 (i.e. deviation from ideal metal coordination geometry) and compression of the M1-P2-C20/M1-P3-C30 angles compared to those of the other phosphine substituents (i.e. ligand yawing).
The presence of as olvent molecule in the lattice presented an opportunity to explore the effect of crystal packing on the constituent agostic interactions. With this in mind, singlec rystals of 1b and 2b were also grown from weakly coordinating 1,2-difluorobenzene (DFB) [25] and pentane( liquid-liquid diffusion at RT) leadingt oi nclusion of the fluoroarene into the lattice, namely 1b.DFB and 2b.DFB. The new crystals are isomorphic (P-1),b ut, reflecting the larger solvent molecule,b ear slightly larger unit cells (DV cell ca. + 2%,T able 2). This enlargement does not directly parallel the associated increase solvent void volume (V solv.void ), resulting in as mallc ompression of the remaining unit cell contents at 150 K( D{V cell ÀV solv.void } = À1.1 %, 1b; À1.2 %, 2b)a nd, interestingly,s horter agostici nteractions (Rh1ÀC21, À1.3 AE 1.1 pm;R h1ÀC31, À2.2 AE 1.1 pm;I r1ÀC21, À1.5 AE 1.3pm; Ir1ÀC31, À1.9 AE 1.1 pm). Compression of 1b and 2b can also be achievedbycooling the crystalline samples from 150 to 25 K( D{V cell ÀV solv.void } = À1.5 %, 1b.CH 2 Cl 2 ; À1.3 % 1b.DFB; À1.8 %, 2b.CH 2 Cl 2 ; À1.0 %, 2b.DFB). Using this latter approacht he most pronouncedc ompression was achieved in the dichloromethane-containing samples, where statistically significant contractionso ft he M1ÀC21 bond lengths are observed( À2.3 AE 1.5 pm, 1b.CH 2 Cl 2 ; À2.0 AE 1.3 pm, 2b.CH 2 Cl 2 ). Although the nature of the compression varies, analysis of the combined data reveals an oticeable correlation between molecular volume in the solid-state and agostic bond length for the tricyclohexylphosphine complexes ( Figure 4 ). Similar changes have been noted in au ranium complex using variable pressure X-ray crystallography. [26] In contrast to the precedings tructures, the X-ray structures of 1c and 2c feature two crystallographically independent triisopropylphosphine ligated metal complexes,o ne of which is extensively disordered (see the Supporting Information for full details). The well-ordered cations (Rh1/Ir1)a re stabilised by one strong g-agostic interaction as evidenced through M1À C21 contacts < 3 (2.836(3) , 1c;2 .810(8) , 2c), marked deviationo fthea ssociated phosphine (P2) from ideal coordination geometry (C4-M1-P2 = 98.06 (7)8, 1c;9 9.2(2)8, 2c), and the orientation of the associated substituent (M1-P2-C20 = 96. 35(9)8, 1c;9 6.3(3)8, 2c) . Ac ase can also be made for a weaker supplementary g-agostic from the other phosphine ligand (P3). The associatedM 1 ÀC31 contacts are > 3 (3.185(3) , 1c;3 .115 (9) ), 2c); however, distortion of the isopropylg roups towardst he metal is discernable from the metrics (Table 1) , albeit less pronouncedt han on P2 (and moreover the phosphines of 1b and 2b). The adoption of two agosticinteractions of different magnitude is also evident in the disordered cations, although the nature of the disorder in these complexes precludes anym eaningful analysiso ft he metrics: the remainder of the discussion is consequently focused only on the well-orderedc ations.
It is not immediatelyo bvious why the agosticb onding pattern differs betweencomplexes of PCy 3 andPiPr 3 .Close inspection of the phosphine ligandsreveals equivalent conformations only for the ligands that adopt the strongest agostici nterac- (3) [a] Solventv oidc alculatedu sing the contact surface of the refineds tructure minus solvent (Mercury 3.9, probe radius of 1.2 and approximate grid spacingo f0 .2 ). tions (P2);t he non-interacting substitutes of the other ligand (P3), however, differ by rotation about the PÀCb onds. [27] We speculate that the origin of these differences is ligand sterics: 1c and 2c,b earing the bulkier phosphine ligand (%V bur @2 . 28 = 32.3 vs. 31.8) , [28] are ultimately too congested to enable close approaches of two substituents. In the context of electronically stabilising the metal centre, this effect appearst ob e counterbalanced by shorter M1ÀC21 interactions in 1c and 2c (2.836(3)a nd 2.810(8) )c ompared to 1b and 2b (2.877(3) and 2.857 (3) ).
In the case of the triisobutylphosphined erivatives 1d and 2d,m eaningful analysis in the solid-state was impeded by extensived isorder of the phosphine ligands (see the Supporting Information for full details), necessitating alternative analysiso f samples bearingi nsteadt he [Al{OC(CF 3 ) 3 } 4 ] À counter anion; 1d* and 2d*.A lthough even in this case there are some subtle crystallographic differences between the rhodium and iridium congeners,t hese samples enable interrogation of nondisordered isostructural triisobutylphosphine complexes (1d* shown in Figure 3 , see the Supporting Information for full details). Contrasting the other trialkylphosphine variants, which feature g-agostic interactions, thesec omplexes each show two d-agostic interactions, with M1ÀC21/C31 distances of 2.863(5)/ 2.979(4) and 2.781(7)/2.956(6) for the rhodium and iridium congeners, respectively.Ad ifference easily reconciled when recognising the more flexible nature of the isobutyl substituent, which enables such interactions to be formed with significantly reduced distortion of the ligand. For instance, the triisobutylphosphine ligands in 1d* and 2d* are associated with distinctly more perpendicular C4-M1-P2/C15-M1-P3 and open M1-P2-C20/M1-P3-C30 angles than the other trialkylphosphine derivatives ( Table 1) .
Analysis of them etricsa ssociated with the agostici nteractions within the 1b-d and 2b-d homologous series enables an important generalf eaturet ob ee lucidated:m ore pronounced agostici nteractions are formed in the iridium complexes, as evidenced through statistically shorter M1ÀC21/M1À C31 contacts of around 4pm ( Table 1 ). This assertion is reinforced through longer M1ÀC4/C15 distances (ca. 2pm), associated with the trans disposed2 ,2'-biphenyl ligand (consistent with trans influence arguments), greater deviation of the C4-M1-P2/C15-M1-P3 angles from 908 (ca. 0.78), and al ess linear P2-M1-P3 bond angle (ca. 1.08). Moreover,g iven that there are no statisticallys ignificant differences observed fort he M1-P2-C20/M1-P3-C30 angles, it would appear that ligand yawingi sa comparatively highere nergy process than deviation from ideal metal-phosphine coordination geometry,f or iridium compared to rhodium.W ithin the data no meaningful correlation can be found between the M1ÀC21/C31 and M1ÀC4/C15 bond lengths, nor between the differences D(M1ÀC21, M1ÀC31) and D(M1ÀC4, M1ÀC15) calculated for each complex. This is perhaps not surprising when considering that variation of the M1ÀC4/C15 distances relative to the associated error is very low amongst the separate rhodium( 1.989(2)-2.003(4) )a nd iridium (2.010(2)-2.024(6) )d ata sets collected at 150 K.
Characterisation of 1a nd 2u sing NMR spectroscopy
The NMR spectra of 1b-d and 2b-d measured in CD 2 Cl 2 solution at 298 K( 500 MHz) are notable for the absence of low frequency 1 Hr esonances [1] and time averaged C 2v symmetry,i ndicating that persistent agostic interactions are not adopted under ambient conditions. This is perhaps not surprising given the inherently weak nature of 3-centre-2-electron MÀ-HÀC bonds, associated distortion of the phosphine ligand from ideal coordination geometry,a nd capacity forf ast exchange between substituents on the NMR time scale. In attempt to probe the latter,l ow temperature 1 H( 500 MHz) and 31 P (202 MHz) NMR data were acquired in CD 2 Cl 2 ,d own to 185 K: the practical working limit for the solvent. Whilst in each case the onset of signal decoalescence was observed in the 1 H spectra on cooling, in no instance was the slow exchange regime reached (see the Supporting Information). Consequently,c onclusive interpretation and quantitative comparison of the variable temperature dataw as not possible. Nevertheless some general trends can be elucidated from qualitative inspection of the NMR data. For instance, as gauged though relative changes in the line broadening of the 1 Hs ignals, the onset of decoalescence occurs at noticeably highert emperatures for the iridium trialkylphosphine complexes 2b-d comparedt o the rhodium variants 1b-d.F or the triisobutylphosphine derivatives, for example, appreciable line broadening is apparent in the 1 HNMR spectrum of 2d on cooling from 298 to 225 K, whereas additional cooling to 200 Ki sr equired for similar changes in the spectrum of 1d ( Figure 5 ). Reinforcing interpretation of the solid-state data, this observation is consistent with stronger agostici nteractions in the heavier group 9c ongeners. In as imilar manner analysisoft he 1 HNMR spectra indicates that more persistentM ÀHÀCb onding is adopted in 1d and 2d than the other trialkylphosphine complexesa nd moreover in the relative order PiBu 3 > PCy 3 > PiPr.A lthough such a trend is not borne out in the observed M1ÀC21/C31 distances, negative correlationsc an be drawn out through the extent of phosphine distortion associated with forming as ignificant agostici nteraction, that is, the P2 < npln and C4-M1-P2 angles ( Table 1) .
As for the trialkylphosphine complexes, 1a and 2a display time averaged C 2v symmetry in CD 2 Cl 2 solution at 298 K (500 MHz). For these complexes,h owever,p artial decoalescence of the 1 Hs ignals of the phosphine substituents occurred on cooling to 185 Kt hat we attributet oP ÀPh restricted rotation of the phosphine ligands. The slow exchange regime is most advanced for 1a compared to 2a and at this temperature the phosphine 31 Pa nd the four 2,2'-biphenyl 1 Hr esonances remained sharp. The 1 HNMR spectrum of 1a recorded at 185 Ks hows as ignificantly upfields hifted ortho-phenyl 3H signal at d 6.02 (fwhm = 74 Hz) that exhibitsas trong NOE interaction with the 6,6'-biphenyl resonances indicating that they are pointing downwards towards the metal.B ased on this data we suggest that coordination of the solvent is not significant under the range of temperatures we have studied, and instead there is av ery weak bondingi nteraction between the phenylr ing of one of the phosphine ligands and the metal An alternative approacht og auge the degree of metal ligation in these homologous series could involve ac hemical shift based-scale employing the 13 Cr esonances of the coordinated carbonso ft he 2,2'-biphenyl ancillary ligand (d C ,T able 3) that are trans to the "free" coordinations ites. Similar approaches employing the 13 Cr esonances of trans-disposed NHC ligands [29] or metal-carbides [30] as ligand electronicp arameters have been used to excellent effect. For 1 and 2,a bsolute values of d C cannotb eu sed due to non-negligible contributionsf rom the different cis phosphine ligands. [31] We have attempted to deconvolute such contributions by using the chemical shift difference between 1 and 2 and their respective precursors 3 and 4, however,i ti sn ot possible to draw ac onclusive trend for all the phosphinel igandss tudied ( Table 3 ). The smallest differences, however,a re observed for the triisobutylphosphine derivatives, consistent with the adoption of the strongest agostici nteractions.
Computational insights
Supplementing the experimental findings, the structures of low-coordinate complexes 1 and 2 have been examined in silico using DFT-based calculations at the pbe0/def2-tzvp level of theory. [32] In accord with the preceding analysis, structures of the associated cations were optimised startingf rom geometries of only the well-ordered/major disordered componentso f cations observed in the solid-state; 1' and 2'.I nt he case of the triphenylphosphine adducts, structures of both low-coordinate 1a' and 2a' (1a' depicted in Figure 6 ) and dichloromethane complexes 1a'·CH 2 Cl 2 and 2a'·CH 2 Cl 2 were interrogated.T he binding of dichloromethanet ol ow-coordinate 1a' and 2a' is calculated to be weak( DH = À5.18/À5.96 kcal mol À1 )a nd ultimately formation of 1a'·CH 2 Cl 2 and 2a'·CH 2 Cl 2 are predicted to be significantly endoergic at 298 K( DG 298K =+9.20/ + 9.34 kcal mol À1 ). These data therefore imply retention of the halocarbon would be entropically disfavoured in solution, [33] reconciling the experimental evidence.
The presence of agostic interactions in the trialkylphosphine complexes was fully corroborated by analysis of 1b-d' and 2b-d' using both the Natural Bond Orbital (NBO) and Quantum Theoryo fA toms in Molecules (QTAIM) approaches ( Figure 7 , Table 4 ). [34] Using the former,a doption of 3-centre-2-electron MÀHÀCb onds is evidenced through significant perturbation energies associated with s CH !ML* andM L!s* CH interactions (21.81-63 .64 kcal mol À1 ), while examination of the electron density using the latter reveals characteristic curved bond paths between the metal centre and hydrogen atom and associated critical point properties (1 MH = 0.017-0.051; r 2 1 MH = + 0.049-+ 0.167). [35] Moreover,u sing the more intuitive bond delocalisation parameter,s ignificant MÀHa nd correspondingly reduced CÀH" bond orders" are apparent from the QTAIM analysis.
The associated metricsh elp quantify previoust rends elucidated from the experimental work:s ignificantly stronger agos- Table 3 . SelectedNMR data for 1 and 2 (CD 2 Cl 2 ,298 K). [a] Change in parameter relative to that measured in 3 (M = Rh) or 4 (M = Ir). tic interactions are adopted in the iridium congeners, with around4 0% larger NBO donor-acceptor energies and QTAIM MÀHd elocalisation indices, and the degree of agostic bonding decreases in the order,P iBu 3 @ PCy 3 > PiPr 3 (notably for 1c' only one agostic interaction is detectedi nt he QTAIM analysis). Although the optimised structures of 1a' and 2a' show significantd istortion of the phosphine substituents towards the metal, only very weak agostic interactions are inferred from the NBO analysisw itht he perturbatione nergiesa ssociated with s CH !ML* and ML!s* CH interactions < 6kcal mol À1 (cf. > 15 kcal mol À1 fort he alkyl phosphine complexes). Moreover, inspection of the donor-acceptor NBO interactions associated with the phosphine substituents proximate to the metal centre show no significant p-interactions. No bond paths between the metal centre and associated hydrogen atoms were detected in the QTAIM analysis. The data are therefore consistent with very low-coordinate complexes. Indeed, the metal centres in these complexes have the lowest sum of delocalisation indices for each respective metal series (3.664, 1a';3.997, 2a') .
Conclusion
Ah omologous family of low-coordinate complexes of the for- PNMR spectroscopy) and solid-state (single crystal Xray diffraction) experimental data, and analysisi ns ilico (DFTbased NBO andQ TAIM analysis), the structural features of the constituent agostic interactions have been systematically interrogated. The combined data substantiates the adoption of stronger agostic interactions for the Ir III compared to Rh III complexes and, with respectt ot he phosphine ligands, in the order PiBu 3 > PCy 3 > PiPr 3 > PPh 3 .
In contrast to the trialkylphosphine complexes which feature notable MÀHÀCb onds, the triphenylphosphinev ariants are instead only obtained in the solid-state as adducts of the weakly coordinating solvent dichloromethane employed; 1a·CH 2 Cl 2 and 2a·CH 2 Cl 2 .T he entropically unstable nature of thesea dducts was, however,e videnced in solution by 1 Ha nd 31 PNMR spectroscopy and is supported by DFT calculations. Moreover, NBO and QTAIM analysis of optimised structures of 1a and 2a highlight the insubstantialn ature of MÀHÀCb onds in these low-coordinate complexes.T he formation of the strongest agostic interactions observedi nt riisobutylphosphine derivatives is attributed to the flexible nature of the isobutyl substituents, anda ssociated with RhÀCa nd IrÀCd istances of 2.863 (5)/2.979(4) and 2.781(7)/2.956(6) ,r espectively,i nt he solid-state and reduceds tructural dynamics in solution. For these complexes, extensive s CH !ML* and ML!s* CH interactions are apparent in the NBO perturbation analysis( 1d', 43.13; 2d',6 3.64 kcal mol
À1
)a nd significant QTAIM MÀHb ond delocalication indicesa re calculated (1d',0 .181/0.160; 2d', 0.234/0.207).
In addition to the above structure-property relationships, the effect of crystal packing on agosticinteractions was investigated in 1b and 2b.C ompression of the associated cations, throughi nclusion of am ore bulky solventm olecule (1,2-difluorobenzene vs. CH 2 Cl 2 )i nt he lattice or collection of data at very low temperature (25 Kv s. 150 K), lead to small but statistically significant shortening of the MÀHÀCd istances.
Experimental Section Generals ynthetic methods
All manipulations were performed under an atmosphere of argon using Schlenk and glove box techniques. Glassware was ovendried at 150 8Co vernight and flamed under vacuum prior to use. CH 2 Cl 2 ,C D 2 Cl 2 and 1,2-difluorobenzene were dried over CaH 2 , vacuum distilled, and then stored over thoroughly vacuum-dried 3 molecular sieves. Pentane was dried over Na/K alloy,v acuum distilled, and then stored over thoroughly vacuum-dried 3 molecular sieves. [Rh(2,2'-biphenyl)(dtbpm)Cl] 5, [16] [Ir(2,2'-biphenyl)(-COD)Cl] 2 6, [17] and Na[BAr ] [36] were synthesised using literature protocols. trans-[Rh(2,2'-biphenyl)(PPh 3 ) 2 Cl] 3a [16] and trans-[Ir(2,2'-biphenyl)(PPh 3 ) 2 Cl] 4a [17] were prepared using slightly adapted literature procedures that are described below for completeness. All other solvents and reagents are commercial products and were used as received. NMR spectra were recorded on Bruker DPX, AV and HD spectrometers at 298 Ku nless otherwise stated. Variable temperature data was collected on aB ruker AV 500 MHz spectrometer.L ow-resolution electrospray ionisation mass spectra (LR ESI-MS) were recorded on an Agilent 6130B single Quad spectrometer. High-resolution electrospray ionisation mass spectra (HR ESI-MS) were recorded on aB ruker MaXis II spectrometer.M icroanalyses were performed by Stephen Boyer at London Metropolitan University. (28.4 mg, 108 mmol) in CH 2 Cl 2 (5 mL) was stirred at RT for 3h ours. The product was precipitated by addition of excess Et 2 O( ca. 20 mL) and isolated by filtration. Yield:2 5.1 mg (83 %, microcrystalline yellow solid). Spectroscopic data is fully consistent with previously reported values. [16] Figure 7 . Key NBO orbital overlapsassociated with the major agostic interaction in 1d',QTAIM molecular graph of 1d' (showing bond paths, bond critical points and ring critical points), and calculated electron density topologya ssociated with the major agosticinteraction in 1d' (showing bond pathsa nd electron density at bond criticalpoints). Table 4 . SelectedNBO and QTAIM data for 1' and 2'. NBO perturbatione nergy [a] [kcal mol
Majora gostic [b] Minor agostic [b] QTAIM bond critical point properties Cmpd.M ajor agostic [b] Minor agostic
- [d] 0 Major agostic [b] Minor agostic [b] Ref.
[c] Sum MÀHC ÀHM ÀHC ÀHC ÀH@M 1a'
-0.925 -0.920 0.923 (4) ): C, 58.97; H , 8 .25; N , 0 .00. Found:C , 58.82; H, 8.09 ;N,0.00. 3d:T oas olution of 5 (17.8 mg, 30 .0 mmol) in CH 2 Cl 2 (5 mL) was added PiBu 3 (15.1 mL, 60.3 mmol) and the resulting solution stirred at RT for 3hours. The volatiles were removed in vacuo and the residue extracted with CH 2 Cl 2 (5 mL) through as hort plug of neutral Al 2 O 3 .T he solvent was then removed in vacuo to affordt he pure product. Yield:1 1.6 mg (56 %, yellow solid). , 62.20; H , 8 .99; N , 0 .00. Found:C , 61.89; H, 8.84 ;N,0.00. 4a:Asolution of 6 (50.0 mg, 51.2 mmol) and PPh 3 (54.0 mg, 206 mmol) in CH 2 Cl 2 (5 mL) was stirred at RT for 18 hours. The product was precipitated by addition of excess Et 2 O( ca. 20 mL) and isolated by filtration. Yield:6 4.1 mg (83 %, microcrystalline yellow solid). Spectroscopic data is fully consistent with previously reported values. 4Hz, CH 2 CH), 25.0 (s, CH 3 Crystallography CCDC 1590085-1590103 contain the supplementary crystallographic data for this paper,i ncluding full details about the collection, solution and refinement. These data are provided free of charge by The Cambridge Crystallographic Data Centre.
VariabletemperatureNMR spectroscopy
Variable temperature measurements were performed using 9.0 mm of complex in CD 2 Cl 2 solution (0.5 mL). Data for 1a and 2a were collected in the presence of powdered 3 molecular sieves. Spectra were recorded on aB ruker AV-500 spectrometer at 298, 273, 250, 225, 200 and 185 K; samples were held for ten minutes at the desired temperature before acquisition.
Computational methods
All molecular geometries were optimised using Gaussian 09, [37] at the pbe0/def2-tzvp level of theory. [32] NBO analyses were carried out using NBO 6.0, and QTAIM analyses using AIMAll. [34] 
